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Abstract 
In this study the kinetics of lysine loss in an infant formula model system were studied at conditions relevant for 
spray drying. The model system was composed of skim milk powder, lactose and whey protein isolate as reactive 
compounds. This composition was derived from the typical composition of milk-based infant formulas. Lysine 
blockage was studied under stationary conditions, i.e. the samples were adjusted to discrete water activities (0.11 – 
0.43) and the impact of temperature (60 – 90 °C) was analyzed at a heating time of 30 min. Lysine losses reached up 
to 13.8 ± 3.5 % at 60 °C, 29.2 ± 5.7 % at 70 °C, 53.8 ± 6.1% at 80 °C and 78.5 ± 3.5 % at 90 °C. The obtained lysine 
losses were correlated with the physical state of the system and the phase transitions taking place during heating. The 
smallest lysine losses were detected in the glassy state whereas the highest losses were found in the transition zone 
from the rubbery to the crystalline state. To highlight the impact of the state of the system further, the molecular 
mobility was measured by means of low-resolution 1H-NMR. T2-relaxation times showed that the mobility 
continuously increased from the glassy to the crystalline state. This is in contrast to the kinetics of lysine blockage 
which show a maximum in the transition zone from rubbery to crystalline state. So it can be concluded that 
crystalline lactose is less reactive with regard to lysine blockage. 
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1.Introduction 
Powdered infant formulas are usually produced by spray drying which is a gentle drying procedure. 
However, degradation reactions as the loss of available lysine due to the Maillard reaction with lactose 
can occur during spray drying of infant formula[1, 2, 3, 4]. Milk proteins contain relatively high amounts 
of lysine which is an essential amino acid that can only be metabolized in the human body if it has a free 
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İ-amino group. Consequently, the protein quality, i.e. the nutritional value and the digestibility, depends 
on the loss of available lysine [5, 6]. Several authors studied the loss of available lysine during storage of 
infant formula [5, 7]. or focused on long term heating of simple model systems [8, 9]. It has also been 
recognized that spray drying is a critical step in the production of infant formulas [3, 4]. However, until 
now, the loss of available lysine observed after spray drying was not systematically linked to the 
processing conditions. As the product is dehydrated and heated simultaneously during spray drying, the 
temperature and concentration of the product change continuously during the drying process. Thus, to 
describe the lysine losses during spray drying, the reaction kinetics have to be established for the high 
concentration regime at temperature-time conditions relevant for spray drying. 
The objective of this study is therefore to describe the loss of available lysine in an infant formula 
model system at conditions applicable to spray drying, i.e. in a high concentration regime. These reaction 
kinetics are established taking into account the concept of water activity, glass transition and molecular 
mobility with the aim of obtaining a deeper understanding of the mechanism of lysine loss in concentrated 
milk systems. 
During this study we use a model system that is derived from the typical composition of infant 
formulas. The model system is adjusted to various water activities that a droplet or particle reaches during 
spray drying and heated to temperatures that are typical of a particle or droplet in the course of spray 
drying. Thus, conditions that a particle undergoes during spray drying are studied under stationary 
conditions. Additionally, the kinetics of glass transition and crystallization in the model system are 
determined by DSC and molecular mobility is measured by low resolution 1H-NMR. The impact of water 
activity, glass transition and molecular mobility on the loss of available lysine is taken into consideration. 
 
Nomenclature 
U(t) intensity of the NMR signal 
t time 
a offset value 
ƒS proton fraction of the solid component 
ƒL proton fraction of the liquid component 
T2,1 relaxation time of the solid component 
T2,2  relaxation time of the liquid component 
 
 
2.Materials and Methods 
2.1.Model system 
The model system was prepared by reconstituting skim milk powder (22.2 %), whey protein isolate 
(8.4 %), lactose (68.3 %), potassium citrate (1.0 %) and sodium hydrogenphosphate (0.1 %) in deionized 
water. The raw materials were provided by Nestec Ltd. (Switzerland). The solution was freeze-dried and 
ground after freeze-drying. The water activity of the obtained powder was adjusted to 0.11, 0.23, 0.33 and 
0.43 by storing the samples over saturated salt solutions (LiCl, CH3COOK, MgCl2 and K2CO3, 
respectively) until equilibrium was reached. 
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2.2.Heating experiments 
For the heating experiments, the samples were transferred to heating cans and heated in a water bath at 
60 – 90 °C for 0.5 – 30 min. After heating, the samples were cooled to room temperature in an ice bath 
and reconstituted in water (10 % (w/w)) for further analysis. 
2.3.Available lysine 
Available lysine was determined using the fluorimetric o-phthaldialdehyde (OPA) method described 
by Ferrer et al.[10] To 50 μl of the reconstituted samples, 950 μl of water and 1 ml of 12 % SDS (Serva, 
Heidelberg, Germany) were added and the mixtures were allowed to cool at 4 °C over night.. After 
sonication at 25 °C for 15 min, a 5 μl aliquot was transferred to a black 96-well microtiter plate (Greiner 
Bio-One, Frickenhausen, Germany) and 150 μl of OPA reagent (80 mg of OPA (Merck, Darmstadt, 
Germany) dissolved in 2 ml ethanol (Merck, Darmstadt, Germany), 0.2 ml ß-mercaptoethanol (Merck, 
Darmstadt, Germany), 5 ml 20 % SDS solution, 50 ml 0.1 M sodium tetraborate (Sigma-Aldrich, 
Steinheim, Germany) buffer (pH 9.7 – 10) and diluted to 100 ml with water). A microtiter plate reader 
(GeniosPlus, Tecan, Crailsheim, Germany) was used to measure fluorescence at Ȝexcitation = 340 nm and 
Ȝemission = 455 nm. The fluorescence of possible interferences was determined after precipitation with 
10 % TCA (Scharlau, Barcelona, Spain) and subtracted from the total fluorescence as well as the blank 
value obtained with water. 
2.4.Glass transition temperature 
Differential scanning calorimetry (DSC, Q1000, TA Instruments, Eschborn, Germany) in the 
modulated mode (modulated +/- 0.50 °C every 60 s and a heating rate of 2.00 °C/min) was used to 
measure the glass transition temperature of the samples. Midpoint temperatures are given. 
2.5.Lactose crystallization 
The delay of lactose crystallization was quantified by isothermal differential scanning calorimetry 
(DSC). The samples were heated at 60 – 90 °C and kept at this temperature until the crystallization peak 
was observed. The time at the peak maximum is given as crystallization time. 
2.6.Molecular mobility 
The molecular mobility was evaluated by measuring the transversal relaxation time T2 with a low 
resolution 1H-NMR spectrometer (MINISPEC mq20, Bruker Analytik GmbH, Rheinstetten, Germany). 
A combination of a free induction decay (FID) and a Carr-Purcell-Meiboom-Gill (CPMG) sequence was 
used. The envelope curve of the echoes was fitted using a gauss-exponential equation: 
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where U(t) represents the intensity of the NMR signal, t the time, a the offset value, ƒS the proton 
fraction of the solid component, ƒL the proton fraction of the liquid component and T2,1 and T2,2 the 
corresponding relaxation times. A mean relaxation time T2 was calculated as follows: 
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2,2L1,2S2 TfTfT          (2) 
All analyses were carried out in triplicate and the mean values are reported. Confidence intervals for a 
significance level of 95 % were determined by the Student t-test. 
3.Results and Discussion 
The model system was in the glassy state after freeze-drying and remained glassy during the 
equilibration at water activities of 0.11, 0.23, 0.33 and 0.43. The water contents and glass transition 
temperatures corresponding to the water activities are given in Table 1. 
 
Table 1. Water content and glass transition temperature of the model system after equilibration over saturated salt solutions. 
Salt Relative 
humiditya (%) 
Water activity aw Water contentb 
(g/100 g) 
Glass transition 
temperature Tgb 
(°C) 
LiCl 11 0.11 4.68 ± 0.09 69.0 ± 1.4 
CH3COOK 23 0.23 5.66 ± 0.06 52.6 ± 3.6 
MgCl2 33 0.33 6.66 ± 0.05 43.3 ± 0.8 
K2CO3 43 0.43 8.59 ± 0.07 24.5 ± 0.4 
a[11], b ± 95 % confidence limit 
 
3.1.Loss of available lysine 
Loss of available lysine was observed at all conditions applied. The lysine loss increases with heating 
time for all temperatures and water activities (data not shown). Fig. 1 shows the lysine loss after 30 min 
of heating for different combinations of temperature and water activity dependent on the physical state of 
the sample. A maximum in lysine loss was determined for all temperatures, while the location of the 
maximum depends on the temperature. Rather small lysine losses were measured at 60 °C (max. 13.8 ± 
3.5 %) and the impact of the water activity was not significant. Raising the temperature to 70 °C leads to 
significantly higher lysine losses and a maximum of 29.2 ± 5.7 % was detected at a water activity of 0.43. 
Lysine losses of up to 53.8 ± 6.1% were obtained at 80 °C and up to 78.5 ± 3.5 % at 90 °C, both at a 
water activity of 0.23. Consequently, the maximum in lysine loss is shifted to lower water activities at 
higher temperatures.  
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Fig. 1. Loss of available lysine after 30 min of heating as a function of water activity, temperature and distance from the glass 
transition temperature 
3.2.Delay of lactose crystallization 
During heating, the lactose contained in the model system crystallizes depending on the conditions. 
The time that is necessary for crystallization to occur at a given temperature is described by the delay of 
crystallization. The delay of crystallization depends on the temperature difference between the glass 
transition temperature Tg and the heating temperature T. This correlation is shown in Fig. 2. The delay of 
crystallization was shorter the larger the temperature difference T-Tg was. Neither water activity nor 
heating temperature seem to influence the delay of crystallization that appears to be only dependent on 
the temperature difference T-Tg. After 30 min of heating, samples with a temperature difference T-Tg of 
at least about 27 °C were crystalline. 
3.3.Impact of the physical state on the loss of available lysine 
Coming back to Fig. 1, the loss of available lysine can now be analyzed with regard to the physical 
state of the system. In Fig. 1, the glassy phase, the rubbery phase and the crystalline phase are depicted. It 
is obvious that lysine losses are small in the glassy state. However, these conditions also correspond to the 
lowest heating temperatures. Furthermore, it can clearly be noticed that the maximum in lysine loss is 
found in the transition zone from the rubbery to the crystalline state. Under these conditions, the samples 
stay for the longest period in the rubbery state. Samples that are crystalline after 30 min of heating passed 
the rubbery state faster. This means that the rubbery state is more reactive regarding lysine loss than the 
glassy and the crystalline state. 
¡ aw = 0.11 
 aw = 0.23 
S aw = 0.33 
| aw = 0.43 
90 °C 
80 °C 
70 °C 
60 °C 
glassy rubbery crystalline 
Transition zone: rubbery  crystalline 
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Fig. 2. Crystallization delay as a function of the temperature distance from glass transition temperature 
 
3.4.Molecular mobility and lysine loss 
To gain a deeper understanding of the factors that influence the loss of available lysine, the proton 
mobility was measured by low resolution 1H-NMR and expressed as the transversal relaxation time T2. 
Longer relaxation times correspond to higher mobilities. As the loss of available lysine is a bimolecular 
reaction, it should be influenced by the mobility in the system. In Fig. 3, the relaxation time T2 after 
30 min of heating is presented as a function of the water activity and the temperature difference T-Tg. 
Again, it can easily be seen that the mobility is low in the glassy state which corresponds to the lowest 
lysine losses. The mobility rises in the rubbery state as well as the loss of available lysine. Hence, this 
higher mobility might be the reason for the high lysine losses in the rubbery state. There is a steep rise in 
the relaxation time in the transition zone from the rubbery to the crystalline state. During crystallization, 
bound water is liberated leading to the plasticization of the matrix, thus increasing the mobility. However, 
lysine losses are less important under these conditions than in the rubbery state. This suggests that 
crystalline lactose is less reactive than amorphous lactose. Therefore, two competing effects seem to play 
a role. On the one hand, lactose crystallization leads to a higher mobility which favours bimolecular 
reactions. On the other hand, crystalline lactose is less reactive and lysine blockage is inhibited. 
 aw = 0.23 
S aw = 0.33 
| aw = 0.43 
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Fig. 3. Transversal relaxation time T2 after 30 min of heating as a function of water activity and distance from the glass transition 
temperature 
4.Conclusions 
This works shows that the loss of available lysine during heating in concentrated systems is influenced 
by various factors. Lysine losses increased significantly with increasing temperature and at prolonged 
heating times. The water activity had a significant impact on lysine loss, as well. However, the 
mechanism of lysine loss is not that easy to determine. A complex system of competing reactions has to 
be taken into consideration to understand and describe the loss of available lysine in high concentration 
milk-systems. The importance of the physical state of lactose, of the transition phases and of the 
molecular mobility arises and demonstrates the need to take these factors into account. 
Further work is needed to expand the kinetics obtained during this study with the aim of fully 
understanding the complex system of mechanisms that influence lysine blockage. This will subsequently 
allow building e.g. a model that describes lysine blockage during spray drying. It will thus become 
possible to optimize the drying process with regard to lysine blockage, limiting the loss of available lysine 
in infant formula powders. 
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